The characterisation of interspecies differences in gene regulation is crucial to understanding the molecular basis of phenotypic diversity and evolution. The atonal homologue Atoh7 participates in the ontogenesis of the vertebrate retina. Our study reveals how evolutionarily conserved, non-coding DNA sequences mediate both the conserved and the species-specific transcriptional features of the Atoh7 gene. In the mouse and chick retina, species-related variations in the chromatin-binding profiles of bHLH transcription factors correlate with distinct features of the Atoh7 promoters and underlie variations in the transcriptional rates of the Atoh7 genes. The different expression kinetics of the Atoh7 genes generate differences in the expression patterns of a set of genes that are regulated by Atoh7 in a dose-dependent manner, including those involved in neurite outgrowth and growth cone migration. In summary, we show how highly conserved regulatory elements are put to use in mediating non-conserved functions and creating interspecies neuronal diversity.
INTRODUCTION
The idea that vertebrate development is controlled by cisregulatory elements is largely influenced by earlier work undertaken in invertebrates, such as Drosophila and sea urchin. These studies identified cis-regulatory elements that comprise target sites for large numbers of transcription factors that collectively instruct the regulatory networks of developmental genes (Davidson et al., 2002; Sandmann et al., 2007; Schroeder et al., 2004) . As a first step towards deciphering such networks in vertebrates, a number of pair-wise and multiple-species wholegenome comparisons have been carried out to identify non-coding sequences conserved between highly divergent species (Birney et al., 2007) .
That conserved non-coding elements have a role in the regulation of ontogenic events raises questions about whether they act similarly in distantly related animal species. It is of special interest to understand how variations in the interactions taking place at conserved non-coding elements may lead to interspecies cell diversity during ontogenesis of the nervous system.
Although the plan of the retina is well conserved across vertebrate evolution, there are considerable variations in cell type diversity and number, as well as in the organisation and properties of the tissue (Masland, 2001) . Mammals typically have two distinct cones, whereas four cones persist in birds. Consequently, the postsynaptic wiring is expected to be more complex in birds and the far more elaborate dendritic arbors of chicken retinal ganglion cells (RGCs) compared with mouse RGCs might reflect such an increased complexity of signal processing (Kong et al., 2005; Naito and Chen, 2004) .
A common feature of vertebrate retinogenesis is that RGCs differentiate first (Livesey and Cepko, 2001) and that the atonal homologue Atoh7 gene (also known as Math5 in the mouse, Cath5 in chicken, and Xath5 in Xenopus) is required for their production (Brown et al., 2002; Brown et al., 1998; Kanekar et al., 1997; Kay et al., 2001; Liu et al., 2001; Matter-Sadzinski et al., 2001) . In zebrafish and mouse, inactivation of Atoh7 results in a retina lacking most RGC types, including the small subset of RGCs that project to the suprachiasmatic nuclei and entrain circadian rhythms, whereas the other retinal cell types are produced in proportions that may differ from the wild type (Brown et al., 2001; Brzezinski et al., 2005; Kay et al., 2001; Le et al., 2006; Wang et al., 2001) . During early retina development, Atoh7 is not exclusively expressed in the RGC lineage and hence may influence the production of other retinal cell types (MatterSadzinski et al., 2005; Yang et al., 2003) .
Although the role of Atoh7 in the production of RGCs in the vertebrate retina is well established, it is unclear how this protein contributes to neuronal diversity across species. In particular, it is unclear whether variations result from species-specific properties of the Atoh7 protein (Brown et al., 1998; Sun et al., 2003) or whether they arise from differences in Atoh7 gene regulation.
Multi-species alignments have identified several highly conserved regulatory elements within the non-coding sequence 5Ј of the Atoh7 gene (Hutcheson et al., 2005; Matter-Sadzinski et al., 2001; Matter-Sadzinski et al., 2005; Skowronska-Krawczyk et al., 2004) . Whereas site occupancy and functional analyses have shown that the Ngn2 (Neurog2) and Atoh7 basic helix-loop-helix (bHLH) proteins are required for transcription of the chicken Atoh7 gene (Hernandez et al., 2007; Matter-Sadzinski et al., 2001; Matter-Sadzinski et al., 2005; Skowronska-Krawczyk et al., 2004) , the late onset of Ngn2 expression and the continued expression of the mutated Atoh7 gene in suggested that these factors are not involved in the regulation of Atoh7 in mouse (Brown et al., 1998; Brown et al., 2001; Hutcheson et al., 2005; Wang et al., 2001 ). The differences between mouse and chicken in the regulation of Atoh7 are used in the present study to compare the function of evolutionarily conserved regulatory sequences that include several bHLH binding sites. In both the developing mouse and chick retina, Ngn2 protein was found to bind non-coding sequences 5Ј of the Atoh7 gene. This binding was exclusively detected in retina, suggesting that Ngn2 helps to establish the retina-specific expression of Atoh7 in birds and mammals. Evolutionarily conserved regulatory elements were identified in the proximal and distal promoter regions of Atoh7 and their in vivo occupancy by Ngn2 was found to be different in the mouse and chick retina. Species-related variations in the binding profiles correlated with distinct properties of the Atoh7 promoters and appeared to underlie the different expression kinetics of the Atoh7 gene in the respective retinas. High-level expression of Atoh7 in the chick retina activates a set of genes that are expressed in newborn RGCs and involved in neurite outgrowth and growth cone migration. In summary, we show how variations in the activation of highly conserved regulatory elements may facilitate interspecies neuronal diversity.
MATERIALS AND METHODS

Animals
Chick embryos from a White Leghorn strain were staged according to Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) . Mouse embryos were staged using the morning of the vaginal plug as embryonic day (E) 0.5. CD1 mice (Charles River) were used for electroporation experiments. Ngn2 mutant lines in which a GFP cassette was knocked into the Ngn2 locus were maintained as heterozygotes on a CD1 background (Seibt et al., 2003) . The Ngn2 GFP/GFP and wild-type control mice were littermates. Experimental procedures were carried out in accordance with Federal Swiss Veterinary Regulations.
Plasmids
For in situ hybridisation and dissociated cell in situ hybridisation (MatterSadzinski et al., 2001) , 35 S-labelled antisense riboprobes were synthesized from linearised pBluescript derivatives using T7, T3 or SP6 RNA polymerase as appropriate. Mouse Ngn2 and Ash1, chicken Atoh7, human (h) ATOH7, STMN2 and PTN riboprobes encompassed the whole of the respective coding sequences. Primers used for cloning the targets are listed in Table 1 . The pEMSV plasmid (Matter-Sadzinski et al., 2001) was used throughout to express the chicken Atoh7 cDNAs in cotransfection and electroporation experiments. For transfection of P19 cells, mouse Mash1 and Ngn2 were cloned upstream of an IRES and an NLS-tagged GFP in the pCAGGS expression vector (Castro et al., 2006; Farah et al., 2000) .
Chromatin immunoprecipitation (ChIP) assays
ChIP assays (primers are listed in Table 1 ) were performed essentially as described (Castro et al., 2006; Skowronska-Krawczyk et al., 2004 ) using mouse anti-Ngn2 (Heng et al., 2008) , anti-Atoh7 (Abnova, Abcam), antiAsh1 antibodies (Lo et al., 2002) and chicken anti-Atoh7 and anti-Ngn2 antibodies (Skowronska-Krawczyk et al., 2004) . Immunoprecipitated DNA sequences were quantified by real-time PCR (Hernandez et al., 2007) . For localisation of the binding sites of the chicken Atoh7 protein in the Atoh7 promoter, dye-labelled DNA from immunoprecipitated chromatin was hybridised to a custom-designed microarray that encompassed a sequence extending ~2.2 kb upstream of the first coding ATG. This genomic region was tiled at 100 bp intervals using variablelength (65-75 bases) polynucleotides (NimbleGen Systems).
Electrophoretic mobility shift assays (EMSAs)
The preparation of protein extracts and EMSAs were performed as described (Hernandez et al., 2007) .
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Atoh7 promoter constructions
Wild-type and mutated upstream sequences that were 2.22 kb in length and bounded by EcoRI and BstXI restriction sites were subcloned in the proper orientation at appropriate sites in the vectors p00-CAT, p00-lac, pEGFP (Hernandez et al., 2007) and pDsRed2-N1 (Clontech). Mutagenesis was performed as described (Hernandez et al., 2007) .
Immunopanning, cell culture, transfection, CAT and lacZ expression assays
For Affymetrix analysis, two independent immunopanning experiments of RGCs were performed as described (Skowronska-Krawczyk et al., 2004) . Neuroretina tissues were dissected from HH22-30 embryos and dissociated retinal cells were prepared and transfected with CAT or lacZ reporter genes as described . P19 cells were transfected as described (Castro et al., 2006) .
Nascent transcript isolation
Nascent RNAs were isolated from HH27-37 retinas as described (Wuarin and Schibler, 1994) .
mRNA quantification
RNA extraction, cDNA synthesis and real-time PCR were performed as described (Skowronska-Krawczyk et al., 2005) . RNA samples were DNase I treated and all RT-PCR reactions were accompanied by RT(-) controls. All primers listed in Table 1 were tested for efficiency. Gapdh mRNA was used for normalisation. The numbers of RNA molecules per cell volume were quantified as follows. Mouse and chicken primers were used to generate reference PCR products. The number of reference products was determined using PicoGreen (Molecular Probes) quantification and their molecular masses. The number of isolated Atoh7 mRNA molecules was calculated by comparison with a standard curve generated by serial dilutions of the reference PCR products.
Microarray analysis
The complete microarray dataset has been deposited in the public data repository of the European Bioinformatics Institute (ArrayExpress) with accession number E-TABM-417.
Electroporation of genetic material and confocal microscopy
Retina electroporation and confocal microscopy were performed as described (Hernandez et al., 2007; Matter-Sadzinski et al., 2005) . For the E14.5 mouse ex vivo retina, electroporation consisted of five 30 V/cm pulses of 100 millisecond duration spaced 1 second apart.
RESULTS
Ngn2 regulates
Atoh7 expression in the embryonic mouse retina In the developing chick retina, expression of Ngn2 and Atoh7 coincides (Matter-Sadzinski et al., 2001; Matter-Sadzinski et al., 2005) , whereas in mouse a 48-hour lag period is reported to occur between the onset of Atoh7 (at E11.5) and Ngn2 (at E13.5) expression in the developing retina, suggesting that the mouse Ngn2 protein cannot be involved in the early activation of the Atoh7 (Brown et al., 1998) . Because significant differences in the expression patterns of Atoh7 and Ngn2 might underlie significant species-specific variations in retinogenesis, we have re-examined the expression of Atoh7, Ngn2 and Ash1 (Mash1, Ascl1) in the early mouse retina. At E11.5, Atoh7 and Ngn2 transcripts accumulated in overlapping domains that encompassed a more restricted Ash1 expression region ( Fig. 1A,B ; see Fig. S1A ,B in the supplementary material), indicating that the expression onsets of these genes coincide in the mouse retina. The early accumulation of Ngn2 transcripts was confirmed by quantitative (q) PCR at E12.5 (Fig.  1D ). However, the low level of Ngn2 mRNA in the developing mouse retina contrasted with the robust expression of Ngn2 seen at the peak of Atoh7 expression in the chick retina (Matter-Sadzinski et al., 2001 ). This finding prompted us to determine whether the Ngn2 protein was involved in the transcriptional activation of the mouse Atoh7 gene. Comparing the accumulation of Atoh7 transcripts in the retinas of wild-type and Ngn2 GFP/GFP mice, we found that in situ 3769 RESEARCH ARTICLE Interspecies differences in neurogenesis hybridisation at E11.5 and qPCR analysis at E12.5 both revealed a much decreased level of Atoh7 transcript in the retina of Ngn2 GFP/GFP mice ( Fig. 1C,F ), suggesting that Ngn2 might contribute to the activation of Atoh7 expression in the mouse retina. Likewise, we found that the expression of Atoh7 was activated by the misexpression of Ngn2 in the mouse P19 cell line (Fig. 1G ). In agreement with our data, Trimarchi et al. have reported the coexpression of Ngn2 and Atoh7 in mouse retinal progenitors (Trimarchi et al., 2008) .
The mouse and chicken Ngn2 proteins display different chromatin-binding profiles
In a first step towards the identification of regulatory sequences that could control transcription of the mouse Atoh7 gene, we compared the relevant gene sequences of several vertebrate species (see Fig.  S2 in the supplementary material). We detected three regions of high conservation, namely the coding sequence (CDS), a proximal and a distal upstream region. The coding region of Atoh7 coincides with a strong conservation peak. Upstream of the transcribed region, the proximal conserved sequence extends over ~250 bp and harbours a predicted TATA box and two E-boxes (E1 and E2) in all species analysed. The proximal region also contains another well-conserved E-box (E4) in all species except Xenopus. Further upstream, the distal conserved region contains two predicted E-boxes (E8 and E9). This distal element is located within 2 kb upstream of the CDS, except in Xenopus tropicalis, where it is found 5 kb upstream of the CDS. Electrophoretic mobility shift assays (EMSAs) using proteins isolated from Atoh7-expressing cells revealed that Atoh7 binds to a DNA sequence encompassing E8 and E9 through its basic domain (see Fig. S3 in the supplementary material).
To test whether Ngn2 binds to any of the conserved regions within the regulatory sequences of the mouse Atoh7 gene ( Fig.  2A ), we performed chromatin immunoprecipitation (ChIP) on chromatin isolated from E14.5 and adult mouse retinas. Primers were designed to discriminate between binding to the proximal region encompassing the E-boxes E1, E2 and E4, and binding to the distal region encompassing E-boxes E8 and E9. We found that Ngn2 bound the distal, but not the proximal, region during mouse embryonic development, whereas no binding of Ngn2 was detected in chromatin isolated from adult retina (Fig. 2B ). Although Ngn2 is expressed in the E14.5 mouse telencephalon (Fode et al., 2000) (our unpublished data), it bound neither the distal nor the proximal region in this tissue (Fig. 2B) . However, positive control ChIP experiments indicated that Ngn2 was bound to the Delta1 (Dll1) promoter in chromatin derived from E14.5 telencephalon ( Fig. 2B) (Castro et al., 2006) , and in Ngn2-transfected murine P19 cells the mouse Ngn2 protein bound both the proximal and distal promoter regions of Atoh7 (Fig. 2C ). The lack of binding of Ngn2 to the proximal sequence in mouse retina contrasts with the strong binding of the chicken orthologue to the corresponding region in chicken Atoh7 (Fig. 2D) , whereas binding to the distal region is much lower (Fig. 2D) . Conversely, chicken Atoh7 has a higher affinity for the distal than for the proximal region (Fig. 2E) . Although Ngn2 is expressed in the developing chick optic tectum (Matter-Sadzinski et al., 2001) , its binding to the promoter regions is at background level in this tissue ( Fig. 2D ) (Skowronska-Krawczyk et al., 2004) .
ChIP assays using anti-mouse Atoh7 polyclonal and monoclonal antibodies from various sources did not show binding to the proximal or distal regions in the mouse retina (not shown). However, because no direct Atoh7 target gene has yet been identified, the experiment remains inconclusive for lack of a positive control. By contrast, targets for mouse Ash1 were identified in the telencephalon (Castro et al., 2006 ) and a ChIP assay enabled us to identify an Ash1-bound target in the E14.5 mouse retina (see Fig. S1C -E in the supplementary material). Under the same conditions, there was no RESEARCH ARTICLE Development 136 (22) (B,C), and chick Ngn2 (D) and Atoh7 (E) were used to immunoprecipitate cross-linked chromatin fragments prepared from E14.5 mouse retina, adult mouse retina, E14.5 mouse telencephalon (B), the P19 cell line (C), HH23, HH30, HH31-32 chick retina and HH30 chick optic tectum (D,E).
Immunoprecipitates were analysed by qPCR for the abundance of proximal and distal mouse (B,C) and chicken (D,E) Atoh7 regulatory sequences, Delta1 regulatory sequences (B) and Delta1 ORF (C) (*, P<0.001). The lower part of E illustrates the binding sites of the Atoh7 protein in HH23 chick retina. A ~2.2 kb sequence was tiled at 100 bp intervals. Alignments between probe coordinates and E-box positions were detected in three independent ChIP-chip experiments.
binding of Ash1 to the proximal or distal Atoh7 promoter regions (data not shown), suggesting that Ash1 is not directly involved in the regulation of Atoh7 in mouse.
Transcription of Atoh7 obeys different kinetics in the mouse and chick retina
Having ascertained that Ngn2 is implicated in regulating Atoh7 expression in both the mouse and chick retina, we asked whether the different occupancy patterns of the Atoh7 promoters by Ngn2 lead to differences in the expression patterns of mouse and chick Atoh7. RNA isolated from mouse and chick retinas at different stages of development was reverse transcribed and quantified by qPCR (Fig.  1D,E ).
In agreement with northern blot analysis (Matter-Sadzinski et al., 2001) , the level of chick Atoh7 mRNA increased ~10-fold between stages HH22 and HH30. To determine whether the rate of transcription of Atoh7 increased during this period, we measured the accumulation of nascent Atoh7 RNAs in nuclei isolated at different stages of chick development (Fig. 1E) . The correlation between nascent transcripts and mRNA indicates that the transient upregulation of Atoh7 is regulated at the transcriptional level. Beginning at HH31, transcription of Atoh7 was downregulated (Fig.  1E ) and the binding of Atoh7 to the distal and proximal regions decreased to a low level (Fig. 2E ). Transcription of Atoh7 peaked when the expression domain of Atoh7 had expanded to the periphery of the chick retina, the stage at which the majority of chicken RGCs are being generated.
In the mouse retina, peripheral expansion of the Atoh7 expression domain takes place between E11.5 and E14.5 (Brown et al., 1998) (our unpublished data). Although the level of mouse Atoh7 mRNA peaked at ~E14.5, it was low when compared with the level of the control Gapdh mRNA (Fig. 1D) .
By measuring the ratio between the amount of Atoh7 mRNA and total DNA (compensating for genome size), we calculated that a mouse and a chick retinal cell contain, respectively, 1.5±0.5 and 81±9 Atoh7 mRNA molecules. Cell volumes were estimated by measuring the ratio between the amount of 18S rRNA and total DNA (Schmidt and Schibler, 1995) . We found that mouse retinal cells were on average ~2.5 times smaller at E14.5 than chick retinal cells at HH30. It follows that the concentration of Atoh7 mRNA molecules is on average 15-40 times lower in mouse than in chick retinal cells (Fig. 1H) . These values are averaged over whole retinas and we do not exclude the possibility that Atoh7 is expressed at high levels in small subsets of cells. However, this possibility seems unlikely, given that similar proportions of Atoh7-expressing progenitors are detected in E16.5 mouse (Trimarchi et al., 2008) and HH23-30 chick (Skowronska-Krawczyk et al., 2004) retina.
The distal and proximal promoter regions cooperate to regulate Atoh7 expression in the chick retina In the chick retina, Ngn2 and Atoh7 bind the proximal Atoh7 promoter. This ~0.9 kb sequence contains evolutionarily conserved regulatory elements that are sufficient to recapitulate the features of endogenous Atoh7 expression (Hernandez et al., 2007a; MatterSadzinski et al., 2005) . However, whereas at HH22-23 ~25% of retinal progenitor cells accumulate Atoh7 transcripts (SkowronskaKrawczyk et al., 2004) , the activity of the electroporated proximal region could only be detected in a small fraction of these cells . To determine whether the distal promoter region contributes to Atoh7 promoter activity, a ~2.2 kb sequence that encompasses both the proximal and distal regions was fused to the GFP gene, the construct was electroporated into HH22-23 chick retina together with a CMV promoter/RFP control plasmid, and fluorescent cells were detected 24 hours later. Similar densities of RFP + cells were detected in the central and peripheral retina. By contrast, and congruent with the specific Atoh7 expression pattern , GFP + cells accumulated in the central retina at a density corresponding to ~30% of the electroporated cells, whereas only a few scattered GFP + cells were detected at the periphery (Fig. 3A inset, and data not shown) . The large increase in the proportion of cells that displayed promoter activity when using the ~2.2 kb sequence suggested that the distal sequences contribute to strengthen the promoter.
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Interspecies differences in neurogenesis To discriminate high versus low promoter activity in Atoh7-expressing cells, we used two different fluorescent proteins, one of which (RFP) has a lower quantum efficiency than the other (GFP). When wt 2.2kb /RFP and wt 2.2kb /GFP plasmids were electroporated into HH22-23 retina, ~95% of the RFP + cells coexpressed GFP and only ~20% of the abundant GFP + cells were double labelled (Fig. 3A-C, Fig. 4J ). These might correspond to cells that have already upregulated Atoh7. Consistent with this idea, ~95% of GFP + cells co-expressed RFP when wt 0.9kb /GFP and wt 2.2kb /RFP plasmids were electroporated into HH22-23 retina (Fig. 3D-F, Fig. 4J ). Moreover, ~70% of GFP + cells co-expressed RFP when wt 2.2kb /GFP and wt 2.2kb /RFP plasmids were electroporated into HH28 retina (see Fig. S4 in the supplementary  material) . The increase in the number and fluorescence intensity of the RFP + cells is consistent with the increased transcription rate of the Atoh7 gene at this stage (Fig. 1E) . To quantify the promoter strengths of the 0.9 kb and 2.2 kb sequences, the wt 2.2kb /CAT and the wt 0.9kb /CAT plasmids were transfected in HH22-23 and HH29-30 retinal cells and CAT activity was measured 24 hours later (Fig.  4K ). Both sequences displayed upregulated activity at HH29-30 and the activity of the 2.2 kb sequence was consistently stronger than that of the 0.9 kb sequence at both stages. To confirm the specificity of the 2.2 kb sequence, a wt 2.2kb /lacZ plasmid was electroporated into HH28 retina and lacZ-expressing cells were detected 24 hours later. Dissociated cell in situ hybridisation revealed that ~92% of the lacZ-expressing cells accumulated Atoh7 transcripts (see Fig. S8A ,B,E in the supplementary material). In summary, we conclude that the distal region enhances Atoh7 promoter activity along the pathway leading to the conversion of proliferating progenitors into RGCs.
The distal sequence encompasses the E-boxes E8 and E9 (see Fig.  S2 in the supplementary material). To determine whether these conserved elements mediate the activity of the distal region, HH22-23 retinas were electroporated with mutant mE8 2.2kb , mE9 2.2kb or mE8mE9 2.2kb /GFP plasmids plus a wt 2.2kb /RFP reporter plasmid. Whereas the mE8 2.2kb and wild-type promoters displayed similar activities (Fig. 4A-C,J) , both the number and fluorescence intensity of the GFP + cells were much decreased in the E9 and E8 E9 mutants ( Fig. 4D-I,J) . The activities of the mutant and wild-type promoters co-localised (Fig. 4C,F,I ), indicating that E8 and E9 do not control promoter specificity. Since the distal region binds chick Atoh7, we tested whether this protein mediates the positive effect displayed by E9. HH28 retinas were electroporated with mE8 2.2kb , mE9 2.2kb or wt 2.2kb /GFP plasmids plus a wt 2.2kb /RFP plasmid and an Atoh7 expression vector (see Fig. S5 in the supplementary material) . Whereas numerous, intensely fluorescent GFP + and RFP + cells were detected with the wild-type and mE8 promoters (see Fig. S5A ,B,D,E in the supplementary material), both the number and fluorescence intensity of the GFP + cells were decreased when E9 was mutated (see Fig. S5C ,G in the supplementary material), confirming that Atoh7 can mediate a positive feedback via E9. To quantify this effect, wt 2.2kb or wt 0.9kb /CAT plasmids plus an Atoh7 expression vector were transfected into HH29-30 retinal cells (Fig. 4K) . Overexpression of Atoh7 enhanced the promoter activity of both the short and the long fragments, the higher activity of the long fragment probably reflecting the contribution of E9 to the positive feedback exerted by Atoh7.
To determine whether the distal region requires the conserved proximal regulatory elements for promoter activity, mE4 2.2kb , mE1mE2 2.2kb or mE1mE2mE4 2.2kb /GFP plasmids plus a wt 2.2kb /RFP plasmid were electroporated into HH22-23 retina. Consistent with the antagonistic activities mediated by E1 and E2 (Hernandez et al., 2007) , the net activity of the mE1mE2 promoter was similar to that of the wild-type promoter (Fig. 3J-L, Fig. 4J ). By contrast, mutation of E4 led to a strong decrease in the size of the GFP + cell population (Fig. 3G-I, Fig. 4J ). Moreover, a significant proportion of the rare GFP + cells did not co-express RFP and a fraction of RFP + cells was GFP - (Fig. 3I ), indicating that E4 contributes to both the strength and the specificity of the Atoh7 promoter.
Very rarely, GFP + cells were detected when E1, E2 and E4 were mutated (Fig. 4J) . To determine whether the activation mediated by Atoh7 requires cooperation between E9 and the proximal E-boxes, HH22-23 and HH28-29 retinas were electroporated with a mE1mE2mE4 2.2kb /GFP plasmid, a wt 2.2kb /RFP plasmid and an Atoh7 expression vector. Despite the overexpression of Atoh7, the density of GFP + cells remained very low (see Fig. S6 in the supplementary material), suggesting that E9 requires the proximal E-boxes to mediate the effect of Atoh7.
Dominant activity of the distal region of Atoh7 in the mouse retina
The fact that the bHLH binding profiles and the transcriptional rates of the Atoh7 gene are different between mouse and chicken raises questions about the role of the conserved elements in the two species. To determine whether the observed interspecies differences result from sequence variations, we compared the promoter activities of the mouse 2.3 kb and chicken 2.2 kb sequences (see Fig.  S2C in the supplementary material) in the context of the two types of retina. When pG1M5-2.3kb (mouse) (Hutcheson et al., 2005) and wt 2.2kb /RFP (chicken) plasmids were electroporated into E14.5 mouse ex vivo retina and into HH22-23 and HH28 chick ex vivo retinas, ~95% of the RFP + cells co-expressed GFP ( Fig. 5P,R ; see Fig. S7 in the supplementary material) . In mouse retina, the two sequences displayed the same promoter activity (Fig. 5D,P-R) . In chick retina, the promoter activity of the mouse sequence was upregulated between HH22-23 and HH28, as expected if responding to Atoh7 (see Fig. S7 in the supplementary material). When tested in the same species, the chicken and mouse sequences displayed very similar promoter properties, suggesting that the differences observed in the expression of the mouse and chicken Atoh7 genes are mediated by conserved elements in response to different cellular contexts. Similarly, the promoter activity of the mouse 2.3 kb sequence is restricted to the Xenopus ciliary marginal zone where expression of Xenopus Atoh7 takes place (Hutcheson et al., 2005) .
To test whether interspecies variations result from the speciesspecific use of conserved elements, we looked at their activity in mouse. The wt 2.2kb , mE1mE2 2.2kb , mE4 2.2kb , mE8 2.2kb , mE9 2.2kb or mE8mE9 2.2kb /GFP plasmids were electroporated into E14.5 mouse retina together with a wt 2.2kb /RFP or a CMV/RFP plasmid (Fig. 5) . Consistent with the properties of the chicken 2.2 kb sequence in mouse, the wild-type and CMV promoters were active in distinct cell populations (Fig. 5A) . Surprisingly, mutation of E9 was sufficient to inactivate the promoter (Fig. 5B,R) . The few and faint GFP + cells observed did not co-express RFP when the retinas were co-electroporated with mE9 2.2kb /GFP and wt 2.2kb /RFP plasmids ( Fig.  5G-I,R) . This loss of specificity was also detected when both E8 and E9 were mutated (Fig. 5C ,J-L,R). In the mouse context, E9 might therefore control both the specificity and the strength of the Atoh7 promoter. The role of the proximal elements is unclear in this species: mutation of either E4 or E1 E2 had no effect on promoter activity (Fig. 5M-O,R) . Thus, in contrast to its central role in the chick retina, E4 mediated neither the specificity nor the strength of the promoter in the mouse retina.
A set of genes associated with neurite outgrowth is regulated by Atoh7 in a dose-dependent manner Atoh7 expression is strongly upregulated in the chick retina at the time RGCs are produced, whereas it remains at a low level throughout mouse retina development. This prominent difference in the kinetics of Atoh7 expression suggests that some, but not all, species require upregulation of Atoh7 in order to produce RGCs. To test this notion, we asked whether a precocious increase in the level of Atoh7 would activate genes involved in a chick-specific RGC developmental programme. We compared the transcriptome of HH22-23 retinas in which we overexpressed Atoh7 to that of controls expressing Atoh7 at a low level. To avoid stage-and sexrelated heterogeneity, the experiment was conducted on individual embryos. The tested eye was electroporated with an Atoh7 expression vector and a CMV promoter/GFP reporter plasmid, while the contralateral control eye was electroporated with the reporter plasmid only. Retinal RNA was isolated 24 hours later and expression of the nicotinic acetylcholine receptor beta 3 (3nAChR) gene, an established target of Atoh7, was assessed by qPCR (Skowronska-Krawczyk et al., 2005) . The retinal RNAs from embryos in which the 3nAChR expression level was at least 3773 RESEARCH ARTICLE Interspecies differences in neurogenesis Fig. 5 . The E-box E9 mediates the specificity and strength of the chick Atoh7 promoter in mouse. (A-Q)E14.5 mouse retinas were coelectroporated with plasmids as follows: CMV/RFP and wt 2.2kb /GFP (A) or mE9 2.2kb /GFP (B) or mE8mE9 2.2kb /GFP (C) or pG1M5-2.3kb (Q); wt 2.2kb /RFP and wt 2.2kb /GFP (D-F) or mE9 2.2kb /GFP (G-I) or mE8mE9 2.2kb /GFP (J-L) or mE4 2.2kb /GFP (M-O) or pG1M5-2.3kb (P). In P, arrowheads indicate cells co-expressing the mouse and chicken promoters. Scale bars: 25m. (R)Cell numbers obtained with the wt 2.2kb /RFP plasmid are set at 25 and cell numbers obtained with the wild-type and mutant promoter/GFP plasmids are given relative to this value. 1, wt 2.2kb /RFP; 2, wt 2.2kb /GFP; 3, mE4/GFP; 4, mE1mE2/GFP; 5, mE8mE9/GFP; 6, mE9/GFP; 7, pG1M5-2.3kb. Data are presented as the mean ± s.d.; at least three electroporated retinas were analysed per condition.
3-fold higher in the experimental than in the control retina were processed for Affymetrix gene-chip analysis. This genome-wide screen enabled us to identify genes that were consistently upregulated by chicken Atoh7 (Fig. 6A) . Among the best responders, the stathmin 2 (Stmn2, Scg10) gene was ranked first and is known to regulate microtubule dynamics in neurite growth cones (Greka et al., 2003; Grenningloh et al., 2004; Morii et al., 2006) . The much-enriched accumulation of Stmn2 transcripts in the lacZ-expressing cells of HH28 retina transfected with the wt 2.2kb /lacZ plasmid indicates that Stmn2 is specifically expressed in Atoh7-expressing cells (see Fig. S8C ,D,E in the supplementary material). An Affymetrix gene-chip analysis to compare the transcriptome of immunopanned RGCs with the whole HH34 retina revealed the preferential expression of Stmn2 in newborn RGCs (Fig. 6A) , consistent with the accumulation of Stmn2 transcripts in the ganglion cell layer (GCL) (see Fig. S9 in the supplementary material) (Hackam et al., 2003) . Finally, ChIP assays indicated that the chicken Atoh7 protein was bound to the Stmn2 promoter in chromatin derived from HH22-23 and HH29-30 retinas (see Fig. S8F in the supplementary material) .
Snap25 and Robo2 transcripts were also enriched in immunopanned RGCs (Fig. 6A ) and chicken Atoh7 bound to the Snap25 promoter region (see Fig. S8F in the supplementary  material) . At HH29-30, stronger binding of Atoh7 to the Stmn2 and Snap25 promoters correlated with the upregulation of Atoh7 (see Fig. S8F in the supplementary material) . The expression pattern of pleiotrophin (Ptn) showed no evidence for enrichment in Atoh7-expressing cells or in newborn RGCs ( Fig. 6A ; see Fig. S8E and Fig.  S9 in the supplementary material) .
To determine whether the expression patterns of the selected candidate genes correlate with the normal kinetics of Atoh7, we compared the expression of Stmn2, Snap25, Robo2 and Ptn by qPCR during development of the chick and mouse retina (Fig. 6B) . In the chick, transcript levels were very low at HH22-23 and the rapid and robust accumulation of transcripts between HH22-23 and HH30 correlated with the upregulation of Atoh7. Moreover, the expression of these genes peaked at stages when the majority of the chicken RGCs extend their axons and develop their dendrites (Fig.  6B) (Rager, 1980) . In the mouse, in marked contrast with the dynamic expression profiles seen in the chick, the levels of Stmn2, Snap25, Robo2 and Ptn transcripts remained steady, or only slightly upregulated, between E12.5 and E17.5, i.e. during the period when mouse RGCs are produced (Fig. 6B) . Thus, the expression patterns of these genes are in register with the low expression of mouse Atoh7 (Fig. 1D) . These data, together with the fact that the expression of both Stmn2 and Snap25 is downregulated in Math5 -/-mice (Mu et al., 2005) , are compatible with the suggestion that these genes might also be targets of Atoh7 in the mouse.
DISCUSSION
Given the crucial role of Atoh7 in the ontogenesis of the vertebrate retina, understanding how its gene is regulated should provide key insights into the transcriptional networks that specify and integrate the RGC lineage within the retina developmental programme. Here, we show how evolutionarily conserved non-coding sequences mediate both the conserved and species-specific transcriptional features of the Atoh7 gene. The Ngn2 protein maintains the ability to initiate the retina-specific expression of Atoh7 across distant species, but diverges in its binding profile to evolutionarily conserved regulatory elements. Our study reveals how such interspecies variations in transcription factor binding cause variations in the activity of the Atoh7 promoter and how these variations may underlie phenotypic differences between species.
Changes in the binding of Ngn2 and Atoh7 to highly conserved regulatory elements underlie interspecies variations in transcription of the Atoh7 gene The onset of Ngn2 and Atoh7 expression in overlapping domains coincide in the chick and mouse retinas, consistent with the coexpression of Ngn2 and Atoh7 in individual chick and mouse progenitor cells (Matter-Sadzinski et al., 2001; Trimarchi et al., 2008) . Discrepancies regarding the time of onset of Ngn2 expression between our study and previous reports (Brown et al., 1998; Le et al., 2006) possibly reflect the higher sensitivity of radioactively versus digoxygenin-labelled riboprobes used for the detection of transcripts that accumulate at low levels (Roztocil et al., 1997) . The downregulation of Atoh7 expression in Ngn2 GFP/GFP mice and its upregulation in chick retina overexpressing Ngn2 (Fig. 1) (MatterSadzinski et al., 2005) reveal that the positive regulation of Atoh7 by Ngn2 is evolutionarily conserved. This regulation correlates with the variable in vivo occupancy by Ngn2 of the Atoh7 promoter as a function of developmental stage. Although Ngn2 is expressed in many regions of the nervous system anlage, it does not bind the promoter in tissues that do not express Atoh7. In the chick retina, the K4 di-and tri-methylation of histone H3, a modification known to reflect transcriptional competence, increases in exact register with the kinetics of Atoh7 promoter activity (Skowronska-Krawczyk et al., 2004 ) (D.S.-K., unpublished data). Likewise, the binding of Ngn2 and its positive effect are associated with chromatin remodelling of the Atoh7 promoter in the early retina. Surprisingly, despite conservation of the proximal and distal elements, Ngn2 binds the distal sequences in the mouse and the proximal sequences in the chick. In yeast, sequence conservation does not readily predict transcription factor binding sites across related species (Borneman et al., 2007) . Our study extends to vertebrates the notion that gene regulation resulting from the pattern of species-specific transcription factor binding to highly conserved regulatory elements may be a cause of divergence between species.
Although the interplay of bHLH proteins at the proximal Eboxes E1, E2 and E4 determines the spatio-temporal specificity of Atoh7 expression in the chick retina (Hernandez et al., 2007) , cooperation between E1, E2, E4 and the conserved distal E-box E9 is required for full-strength promoter activity. Consistent with this notion, mutation of E9 in chick does not alter cell specificity despite a much decreased promoter strength. Our finding that in the mouse retina, E9 sets both the strength of the promoter and its specificity, highlights how the activity of conserved elements depends on the cellular context and may vary between species. In the chick, both Ngn2 and Atoh7 bind the proximal E-boxes and Atoh7 also binds E9. Although we do not exclude the possibility that E9 could mediate competition between Ngn2 and Atoh7, the binding profiles of Atoh7 and Ngn2 proteins suggest that in the early retina, Ngn2 activates transcription of Atoh7 through the proximal promoter, whereas Atoh7 mediates a positive feedback through E9. This feedback by Atoh7 is moderated by the negative effect that the Hes1 protein exerts upon the proximal promoter, thus keeping the rate of Atoh7 transcription at a low level in proliferating progenitors (Hernandez et al., 2007) . The downregulation of Hes1 in Atoh7-expressing cells that exit the cell cycle coincides with the rapid upregulation of Atoh7. This upregulation is mediated by Atoh7 and Ngn2, which drive the promoter at peak activity through the combinatorial use of E2, E4 and E9 (Fig. 6C) . In Hes1 -/-mice, precocious peripheral expansion of the Atoh7 expression domain takes place in the retina (Lee et al., 2005) .
Consistent with the dominant effect of E9, Ngn2 exclusively binds the distal region in mouse (Fig. 2B) . The striking difference in the functional properties of E9 between mouse and chicken does not result from sequence variations; it might reflect epigenetic differences, as chromatin modifications correlate with the binding of bHLH proteins (Skowronska-Krawczyk et al., 2004) . The fact that Ngn2 expression is low in the mouse retina, whereas it is strongly upregulated in the chick retina (Fig. 1D,E) (MatterSadzinski et al., 2001) , suggests the interesting possibility that the proximal and distal promoter regions are selected by Ngn2 in a dosedependent manner. Recruitment of the protein on both the distal and proximal promoter regions in mouse P19 cells that overexpress Ngn2 (Fig. 2C) is consistent with this notion. The distal and proximal E-boxes have different sequence identities and their affinity for Ngn2 may thus be sequence dependent, as shown for Atoh7 (Hernandez et al., 2007) . Wilson et al. have shown that instructions to direct transcription of human chromosome 21 in mouse hepatocytes are primarily context independent and are thus mediated by the DNA sequence (Wilson et al., 2008) . Our finding that the chick Atoh7 promoter in the mouse, or the mouse Atoh7 promoter in the chick, displays the activity features of the host suggests, however, that the cellular context can influence transcription in the developing nervous system. Consistent with the role of E9 ascertained in this report, a 0.6 kb sequence encompassing the proximal E-boxes has no promoter activity in transgenic mice, whereas a 2.3 kb sequence that includes E8 and E9 (see Fig. S2C in the supplementary material) is sufficient to recapitulate in full the endogenous Atoh7 expression in the E11.5 mouse retina (Hufnagel et al., 2007; Hutcheson et al., 2005) .
The maintenance of Atoh7 expression in Math5 -/-mice (Brown et al., 2001; Wang et al., 2001 ) rules out a positive feedback in this species. Thus, the interplay of Ngn2 and Atoh7 at the proximal promoter seen in the chick (Fig. 6C) (Hernandez et al., 2007) might not occur in the mouse retina. Instead, the Ngn2 protein, acting through the distal promoter, mediates the low expression of Atoh7 seen in mouse during the period of development when RGCs are produced. The residual, but significant, expression of Atoh7 in Ngn2 GFP/GFP mice suggests that other transcription factors might intervene in the regulation of this gene. Pax6 is necessary for Atoh7 expression in the mouse (Brown et al., 1998; Marquardt et al., 2001; Riesenberg et al., 2009) , but cannot by itself control the spatiotemporal and cell cycle phase expression of Atoh7 (Riesenberg et al., 2009 ). In Xenopus, Pax6 binding sites within a distal enhancer are required for its enhancer activity ). However, Pax6 alone is not sufficient to induce ectopic expression of Xenopus Atoh7. The fact that the distal enhancer in Xenopus does not require E8 and E9 [respectively E3 and E4 in Willardsen et al. )] extends to lower vertebrates the notion that conserved E-boxes assume different roles in different species.
There is no obvious abnormality of the GCL in Ngn2 GFP/GFP mice (D.S.-K., unpublished), despite the downregulation of Atoh7. However, we cannot exclude the possibility that the GCL might be populated with other cell types, such as amacrine cells, or that different ratios of the numerous RGC subclasses might be produced in response to different levels of Atoh7.
Atoh7 regulates a set of genes that underlie phenotypic divergence between mouse and chick Our study reveals that highly conserved non-coding sequences mediate non-conserved interplays of bHLH proteins at the Atoh7 promoter. The proximal E-boxes E1, E2 and E4 mediate activation by Ngn2 and, in addition, the positive feedback by Atoh7 acting upon E9 reinforces Atoh7 expression during the first phase of chick retina development. Expression of Atoh7 is at least 10-fold higher in chick than in mouse early retina (Fig. 1D,E) , where mouse Ngn2 effects a weak activation through the distal promoter. RGCs are massively produced in the chick retina [~2.5ϫ10
6 RGCs/chicken retina (Rager, 1980) versus ~7ϫ10 4 RGCs/mouse retina (Erkman et al., 2000) ] and the ratio of RGCs to photoreceptors is ~25-fold higher in the avian than in the mouse retina (Rahman et al., 2007; Jeon et al., 1998) . We suggest that the much-enhanced expression of Atoh7 in the chick promotes the recruitment to the RGC lineage of a larger set of retinal progenitors.
Later, at the time when the majority of RGCs exit the cell cycle and differentiate, the interaction of the Atoh7 protein at E2, E4 and E9 mediates a strong positive feedback (Fig. 6C ). This occurs in the chick but not in the mouse retina, raising the question of why such a transient Atoh7 upregulation is needed to produce RGCs in the chick. Part of the answer might reside in the coherent set of genes that are expressed in newborn RGCs and are regulated by Atoh7 in a dose-dependent manner. Proteins encoded by Stmn2, Snap25, Robo2 and Ptn are protagonists in signalling pathways that link external stimuli to processes such as growth cone protrusion, axonal pathfinding and initial formation of synaptic contacts. The stathmin proteins regulate microtubule dynamics and Stmn2 is highly expressed during neuronal development and is enriched in growth cones (Greka et al., 2003; Grenningloh et al., 2004; Morii et al., 2006) . The Snap25 proteins are components of the synaptic vesicle exocytotic machinery and participate in neurite outgrowth (DelgadoMartinez et al., 2007; Waites et al., 2005) . Robo2 plays a role in the axonal pathfinding of RGCs (Campbell et al., 2007) . The regulation of the corresponding genes by Atoh7 suggests that the protein might directly control the development of dendritic arbors and axons in newborn RGCs.
Ramon y Cajal (Bergua, 1994) noted early on that the avian retina is the most complicated with respect to the morphology of the RGCs. Screens of the dendritic patterns of RGCs have revealed that whereas the large majority of RGCs are monostratified in the mouse retina (Kong et al., 2005) , bi-and tristratification patterns predominate in the chicken retina (Naito and Chen, 2004) . A recent report brought into focus a novel mechanism whereby dendritic stratification of RGCs is achieved (Mumm et al., 2006) . In that study, in vivo time-lapse imaging was used to show that zebrafish RGCs display early patterns of dendritic outgrowth that are predictive of their final lamination, rather than lamination resulting from the pruning of initially exuberant arbors, as generally accepted. We propose that mouse RGCs might develop simpler dendritic patterns as a result of the low expression of neurite outgrowth-associated proteins.
